Palmer amaranth, sicklepod and pitted morningglory are the three most common and troublesome weeds in soybean in South Carolina. They exhibit very aggressive growth capabilities and if left uncontrolled in fields will cause significant reductions in soybean yields. Dicamba and 2,4-D herbicides are currently having a resurgence in usage due to the recent commercialization of soybean trait technologies with tolerance to these herbicides. Dicamba and 2,4-D when tank mixed with glufosinate and glyphosate may offer additional weed control to resistant weeds through the process of herbicide synergism. Greenhouse experiments were conducted in 2013 at Edisto Research and Education Center near Blackville, SC to evaluate the efficacy of glyphosate, glufosinate, dicamba and 2,4-D treatments alone and in combination on Palmer amaranth, sicklepod, and pitted morningglory at selected heights. Results suggested that glufosinate alone provided the overall best control for all 3 weed species. Glyphosate alone provided the lowest control of all 3 species at all heights. Synergism or improved sicklepod control was observed when glufosinate was tank mixed with dicamba. However, as sicklepod increased in height, glufosinate + 2,4-D or dicamba combination offered the best control compared to glufosinate alone (90% versus 86% in 20 cm plants and 87% versus 85% in 30 cm plant). In the 5 cm Palmer amaranth, decreased control was observed when glyphosate or glufosinate was tank mixed with 2,4-D. These experiments showed that glufosinate alone and/or in combination with 2,4-D or dicamba was the overall best treatment on the three broadleaf weed species.
Introduction
Dicamba (3,6-dichloro-2-methoxybenzoic acid) and 2,4-D (2,4-dichlorophenoyacetic acid) are herbicides that have been used throughout the United States for more than half a century to control broadleaf weeds in grass crops [1] [2] [3] . Dicamba and 2,4-D are synthetic growth regulating herbicides that control susceptible broadleaf weeds by mimicking naturally occurring auxins found in plants [4] .
The susceptible weed shows distinct visual symptomology, which include the twisting of petioles and leaves outward and downward referred to as epinasty.
The weeds also exhibit leaf chlorosis, stem tissue proliferation, and abnormal apical growth [4] [5] . Dicamba and 2,4-D, although widely used, have long been scrutinized by regulators because of potential injury to off target plants caused by herbicide volatilization [6] ; however, the release of new low volatility formulations of dicamba and 2,4-D has addressed most of those concerns [7] [8] [9] [10] [11] . Recently, attention has been drawn to new formulations of dicamba and 2,4-D herbicides due to the release of the 2,4-D and dicamba tolerant soybean and cotton technologies that will assist in the management of difficult-to-control glyphosate-resistant Palmer amaranth (Amaranthus palmeri S.
Watson) and other difficult-to-control broadleaf weeds.
Palmer amaranth, sicklepod [Senna obtusifolia (L.) Irwin & Barneby] and pitted morningglory [Ipomoea lacunosa (L.) ] all exhibit aggressive growth capacities [12] [13] [14] . Aggressive growth allows the weed to grow quickly and set up dominance in a field by rapidly shading out the crops present. Palmer amaranth is capable of diaheliotropism (solar tracking) which allows the leaves to orient themselves perpendicular to the rays of the sun thus maximizing light interception and photosynthesis potential [15] . Higher rates of photosynthesis coupled with diaheliotropism allow Palmer amaranth to accumulate biomass at faster rates than non-solar tracking plant species [16] . Similarly, pitted morningglory uses its high growth rates to affect crop yields in soybean and cotton fields [17] .
Its rapid increase in leaf area index causes pitted morningglory to interfere with the final soybean yield from the early stages of soybean development [18] . Along with competition for sunlight and resources, pitted morningglory produces a unique challenge during harvest due to its vining nature. It increases crop lodging and interferes with the mechanical harvest of cotton [17] .
As more knowledge on the weed's growth abilities becomes more evident, timing has become critical in weed herbicide application programs. Weeds treated at small growth stages are more easily controlled [19] [20] . However, when treatment is delayed and weeds are much larger at application, weed size can reduce the efficacy of the herbicide [20] [21] . Herbicide application rates needs to be optimized by the grower according to the weed size or height, as weeds increase in size, the herbicide rates must also increase to ensure effectiveness. When applying 2,4-D, plant size is a vital factor that influences the degree of weed control achieved. Siebert 
Materials and Methods
Greenhouse experiments were conducted at the Edisto Research and Education
Center ( After treatment, plants were returned to the greenhouse with the same growing conditions before application where they remained for an additional 28 days.
The untreated plants were kept in a separate greenhouse with the identical growing conditions from the treated pots to prevent injury from the 2,4-D and dicamba vapors from the treated pots. After treatment, pots were watered and fertilized using the same procedure as the untreated plants. After 28 days, plants were clipped at the soil level in the pots, placed in paper bags, and oven dried for 3 days. Dry weights of the plants were collected and the percent weed control was calculated as a percent of control weight (untreated check) according the formula:
This protocol was repeated in time as each weed height was achieved.
The percent weed control data for the two runs of the experiment were collected and arranged by height, run, and treatment. Data was analyzed with PROC MIXED procedure using JMP® Pro 10.0.0 software (SAS Institute Inc., Cary, NC). The random effects were trial and weed species. The fixed effects were herbicide treatment and weed height. Due to significant differences in weed height by treatment and across both trials, data were analyzed separately.
Results
There was a significant height by treatment and trial by treatment interaction in the experiment; therefore, those results will be presented separately.
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Pitted Morningglory
In trial 1, a significant effect of height and treatment (F 10,117 = 2.4256, p = 0.0116) was observed, trial 2 also showed a significant effect of height and treatment (F 10,117 = 10.2506, p < 0.0001). Across trial 1 and trial 2, glufosinate alone provided the best weed control with 86% and 97% control at 5 cm pitted morningglory, respectively. Glyphosate alone treatments were less effective with 71% and 95% control in trial 1 and 2, respectively. There was a significant difference between the glyphosate alone treatment and the dicamba alone treatment, with dicamba offering better control. A tank mix of those same herbicides offered better control than when they were applied alone ( Figure 1 ). In trial 2, significant differences were only observed in glufosinate alone and glyphosate alone treatments. At the 10 cm pitted morningglory height, there were no significant differences between treatments in trial 1. In trial 2, the glyphosate alone treatment and the 2,4-D alone treatment were not significantly different; however, when they were tank mixed there was a slight increase in pitted morningglory control (Figure 2) .
In 20 cm pitted morningglory height during trial 1, no significant differences among treatments were observed. However, in trial 2, there were significant differences in treatments, as was observed in trial 1, glyphosate + 2,4-D mixture provided 97% pitted morningglory control. The treatment with the lowest pitted morningglory control was glyphosate alone at 93%. Although not statistically significant, synergism with glufosinate in combination with 2,4-D was observed [31] .
In the 30 cm height pitted morningglory in trial 1, glufosinate plus dicamba was most effective with 87% control. Glyphosate alone treatment was significantly less at 76%. In trial 2, little variation was observed among the data points for each treatment. Glufosinate alone was the best treatment at 98% control. (Figure 3) . In trial 2, there were no significant differences in treatments and variability amongst data points were small (Figure 4) . Across both trials, treatments were very effective for the 5 cm Palmer amaranth plants with a 1% difference separating the highest and lowest control values.
Palmer Amaranth
At the 10 cm height in trial 1, all treatments provided excellent weed control.
2,4-D was the most effective at 97% control followed by dicamba at 94% ( Figure   3 ). In trial 2, all treatments showed excellent weed control; however, there were significant differences among treatments, glufosinate alone and glyphosate alone provided the best Palmer amaranth control ( Figure 4) . As was observed in small Palmer amaranth, all treatments controlled Palmer amaranth very effectively with a 6% difference among treatments across both trials (99% and 94%, respectively).
In the 20 cm Palmer amaranth during trial 1, glufosinate alone provided 98%.
In contrast, glyphosate alone provided 94%. Glyphosate + dicamba tank mix improved Palmer amaranth control slightly (3%) versus glyphosate alone treatment, a similar effect was observed with 2,4-D + glyphosate tank mix that boosted control by 4% compared to glyphosate alone (Figure 3 ).
Glyphosate + dicamba tank mix provided 92% control, whereas, dicamba alone provided 84% control in the 30 cm Palmer amaranth in trial 1. Dicamba alone and glyphosate alone treatments were not significantly different; however, pared to 45% to 77% when each was applied separately [32] . Synergism was observed when glufosinate was tank mixed with dicamba because the control observed with the tank mixture treatment was greater than the control observed from the glufosinate alone and dicamba alone treatments.
Sicklepod
In the 30 cm sicklepod height in trial 1, there were no significant differences among treatments; however, glufosinate alone offered the most effective control at 78% ( Figure 5 ). Trial 2 showed significant differences among treatments. 
Discussion
The results of this experiment indicated that across all weed heights, regardless of species, glufosinate alone was the most consistent and effective treatment.
There was a statistical difference with weed height across all species; therefore, we concluded that weed size at the time of application significantly impacts the treatment efficacy. Glufosinate plus 2,4-D or dicamba provided the best overall efficacy of all the treatment across weed species. In addition, evidence of herbicide synergism was observed when glufosinate was tank mixed either 2,4-D or dicamba, especially on larger weed sizes. Glyphosate alone treatment across all application times and weed species was the least effective herbicide treatment.
Sicklepod and pitted morningglory typically exhibit tolerance to topical postemergence applications of glyphosate alone, especially as weed size increases [33] . Observations on some large Palmer amaranth and sicklepod plants showed that after glyphosate treatment, visual symptomology was observed about 3 to 4 days after application, which allowed the plant additional time to accumulate biomass although at a reduced growth rate.
An interesting observation may be noted that with both growth regulating 
Conclusion
These experiments demonstrated that glufosinate alone and glufosinate plus dicamba or 2,4-D were the most effective and consistent herbicide treatments for the broadleaf weed species in this study. Although there was interaction between both trial runs, the results clearly showed differences between treatments and differences in treatment by weed height. Varying degrees of synergism were observed (i.e., glufosinate plus dicamba in sicklepod) and some antagonism (i.e., glyphosate plus dicamba in sicklepod) was observed when herbicides were applied in mixture.
